To identify those metallothionein and ␣-crystallin/ small heat-shock genes induced by toxic metals in human lens cells and to evaluate the levels of these metals between young and aged human lenses. METHODS. Human SRA01/04 and primary human lens epithelial cells were cultured and exposed to Cd 2ϩ , Cu 2ϩ , and Zn 2ϩ . The levels of lens metallothioneins (Ig, If, Ih, Ie, and IIa) and ␣-crystallin/small heat-shock (␣A-crystallin, ␣B-crystallin, and HSP27) genes were analyzed by semiquantitative and quantitative competitive RT-PCR. The content of aluminum, cadmium, calcium, chromium, copper, iron, lead, magnesium, manganese, nickel, potassium, sodium, and zinc in young (mean, 32.8 years), middle-aged (mean, 52.3 years), and old (mean, 70.5 years) human lenses was analyzed by inductively coupled plasma-emission spectroscopy. RESULTS. Lens metallothioneins (Ig, If, Ih, Ie, and IIa) and ␣-crystallin/small heat-shock genes (␣A-crystallin, ␣B-crystallin, and HSP27) were differentially induced by specific metals in SRA01/04 human lens epithelial cells. Of 13 different metals, only iron was altered, exhibiting an 81% decrease in old versus young lenses. CONCLUSIONS. Induction of metallothioneins and ␣-crystallin/ small heat shock proteins by different metals indicates the presence of metal-specific lens regulatory pathways that are likely to be involved in protection against metal-associated stresses. (Invest Ophthalmol Vis Sci. 2003;44:672-679)
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PURPOSE.
To identify those metallothionein and ␣-crystallin/ small heat-shock genes induced by toxic metals in human lens cells and to evaluate the levels of these metals between young and aged human lenses. METHODS. Human SRA01/04 and primary human lens epithelial cells were cultured and exposed to Cd 2ϩ , Cu 2ϩ , and Zn 2ϩ . The levels of lens metallothioneins (Ig, If, Ih, Ie, and IIa) and ␣-crystallin/small heat-shock (␣A-crystallin, ␣B-crystallin, and HSP27) genes were analyzed by semiquantitative and quantitative competitive RT-PCR. The content of aluminum, cadmium, calcium, chromium, copper, iron, lead, magnesium, manganese, nickel, potassium, sodium, and zinc in young (mean, 32.8 years), middle-aged (mean, 52.3 years), and old (mean, 70.5 years) human lenses was analyzed by inductively coupled plasma-emission spectroscopy. RESULTS. Lens metallothioneins (Ig, If, Ih, Ie, and IIa) and ␣-crystallin/small heat-shock genes (␣A-crystallin, ␣B-crystallin, and HSP27) were differentially induced by specific metals in SRA01/04 human lens epithelial cells. T oxic metals and the genes that they induce are associated with cell death, oxidative stress, and lens cataract. Human exposures to toxic metals such as iron, copper, cadmium, lead, aluminum, and others, arise from widespread sources, including cigarette smoke, air pollution, leaching of landfills, industrial waste, emissions from fossil fuels, fertilizers, and corrosion of plumbing. 1, 2 Cadmium has a biological half-life in humans of up to 30 years, 3 and large amounts of Cd 2ϩ have been detected in the lenses of chronic smokers 4 who also exhibit early cataract formation. 5 Increased Cd 2ϩ levels have been reported in cataract versus clear human lenses. 4 Fe 2ϩ and Cu 2ϩ participate in Fenton-type reactions associated with oxidative stress and cataract. 6 Hyperferritinemia 7 and defects in Cu 2ϩ transport, including Wilson disease and Menkes syndrome, 8 result in specific types of human cataract.
Biological systems have evolved numerous gene pathways to regulate and detoxify heavy metals. One major group of proteins that are believed to regulate and protect against metals is the metallothioneins (MTs). There are 16 known isoforms of MTs in humans, grouped into four classes: I, II, III, and IV. MTs are 6-to 7-kDa polypeptides 9 that bind a wide spectrum of metals and are rapidly induced by metals and other agents in numerous tissues. 9 In addition to metals, they are induced by steroids in rat fibroblasts 10 and primary fibroblasts in human skin, 11 carcinogens in mice, 12 chemicals that induce oxidative stress in rodent cells, 13 and UV-induced DNA damage. 14 We have shown that the human lens expresses MT classes I and II including MT isoforms Ia, Ig, If, Ih, Ie, and IIa. 15 Only one isoform, MTIIa, is specific for the lens epithelium, whereas the MTI isoforms are expressed at lower levels in both the lens epithelium and lens fibers. 15 In addition, MTIIa exhibits increased expression in age-related cataract compared with clear human lenses, 16 suggesting a possible role for MTIIa in lens protection.
Multiple studies have demonstrated a direct role for MTs in protecting multiple cell types against a wide range of insults that are associated with metal exposure, oxidative stress, and cataract. Overexpression of MT in a human trophoblastic cell line has been shown to protect against cadmium-induced apoptosis. 17 MT I-and II-null mice are more sensitive than wildtype mice to metal exposure and oxidative stress 18 -22 ; however, no one has examined the lenses of these animals. Overexpression of MTIa in a human retinal pigment epithelial cell line provides direct protection against Cd 2ϩ exposure, heme-and iron-induced oxidation, and UV light-induced apoptosis. 23 In addition to the MTs, the ␣-crystallin/small heat-shock genes have been shown to be induced by metals in nonlens systems. Like MTs, ␣B-crystallin and HSP27 have been shown to be induced by Cd 2ϩ in astrocytes. 24 In addition to metals, the small heat-shock proteins (sHSPs) are induced by a wide variety of agents, including increasing hypertonicity in retinal pigment epithelial cells 25 and canine lens epithelial cells 26 ; vasopressin in human vascular smooth muscle cells 27 ; TGF-␤ in human trabecular meshwork cells 28 and rat lenses 29 ; heat shock in human and monkey trabecular meshwork 30 and various rat tissues including central nervous tissue, liver, lung, spleen, adrenal glands, and hypophysis 31 and astrocytoma cells 32 ; hydrogen peroxide treatment in human and monkey trabecular meshwork cells 30 ; and glucocorticoids in fibroblasts. 33 To date, no one has examined the levels of ␣-crystallin/sHSPs induced by metals in lens cells.
MTs' exact functions in lens cells remain unknown, but numerous studies have demonstrated a direct role for ␣-crystallin/sHSPs in lens protection. Overexpression of ␣A-and ␣B-crystallin has been shown to protect lens epithelial cells against stress-induced apoptosis. 34 -36 ␣A-crystallin-null mice exhibit lens opacities at an early age 36, 37 and the growth rate of lens epithelial cells isolated from these animals is reduced by 50%. 36 Based on the association between toxic metals and lens cataract and the detection of increased expression of MTIIa in age-related cataract compared with clear lenses, 16 we sought to define further the magnitude and specificity of lens MT 15 and ␣-crystallin/sHSP inductions in response to three commonly studied metals: Cd 2ϩ , Cu 2ϩ , and Zn 2ϩ . To survey the metal content of aging human lenses, we also determined the levels of 13 different metals between young, middle-aged, and old lenses.
Establishing the metal-induced expression patterns of these genes in human lens epithelial (HLE) cells is important, because it is essential to examine their responses in cultured lens cells before proceeding to functional and in vivo studies. Because the lens epithelium is a transcriptionally active region of the lens and is essential for the growth, differentiation, and homeostasis of the entire lens, 38, 39 and, because approximately 90% of the lens MTs are confined to this lens region, 15 the lens epithelium would be expected to be particularly responsive to toxic metals. In addition, significant levels of ␣-crystallin/sHSPs that may also respond to metals 24 are localized to this part of the lens. Because lens epithelial cells occupy the most anterior portion of the lens and are readily exposed to environmental insults, and because these cells contain most of the enzymes and transport systems in the lens, 40 -42 this region of the lens would be expected to be particularly prone to direct and/or indirect damage associated with toxic metals.
Our results provide evidence that the human lens epithelium responds to specific metals through the differential induction of five MT isoforms and three ␣-crystallin/sHSPs, including ␣A-crystallin which, to our knowledge, has not been shown to be induced by metals and/or stress. Consistent with the detection of increased MTIIa expression in age-related cataract compared with clear human lenses, 16 MTIIa is the primary MT isoform induced in HLE cells. Different MTs and ␣-crystallin/ sHSPs are induced by different metals, which suggests specific roles for these genes in lens metal regulation and/or protection. With the exception of iron levels, which dramatically decrease with age, the levels of 12 different metals in healthy human lenses remain constant with age, indicating that toxic metals do not accumulate in clear human lenses.
MATERIALS AND METHODS

HLE Culture
HLE cells (SRA01/04) 43 were grown and cultured in Dulbecco's modified Eagle's medium supplemented with 15% fetal bovine serum, gentamicin (50 units/mL; Invitrogen, Gaithersburg, MD) and PSN (penicillin-streptomycin-neomycin) antibiotic mix (50 U/mL; Invitrogen), at 36.5°C in the presence of 5% CO 2 . The methods for establishing primary cultures of human lens epithelial cells have been described. 44 Briefly, pieces of capsule and epithelium obtained from infants who underwent surgery for retinopathy of prematurity were washed once with Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline and collected with a microsuction pipette. Small fragments of capsule (1-2 mm 2 ) with epithelial cells attached were placed in a 60-mm culture dish in Dulbecco's modified Eagle's medium supplemented with 20% fetal calf serum (Falcon; BD Biosciences, Oxnard, CA) as explants, until a confluent monolayer was formed in approximately 2 weeks.
Cells from explant cultures were dissociated with trypsin-EDTA solution (Invitrogen) and collected by centrifugation. They were subcultured in the initial medium at 36.5°C in a humidified atmosphere with 5% CO 2 . The procedure was repeated for additional subcultures.
Metal Treatments
Cells were exposed to the indicated concentrations of CdCl 2 , CuCl 2 , and ZnCl 2 dissolved in water, as previously described 45 and optimal induction conditions were determined. At indicated times, cells were washed with PBS, and total RNA was isolated with extraction reagent (Trizol; Invitrogen), as specified by the manufacturer. Cell viability in response to metal treatment was assessed by trypan blue exclusion. 46 Cell viability is expressed as the standard deviation for three separate cell populations treated identically.
Semiquantitative RT-PCR
Gene-specific primers were designed using the BLAST program and GenBank database (http://www.nlm.nih.ncbi.gov/, National Center for Biotechnology Information, Bethesda, MD). Primer sequences, GenBank accession numbers, annealing temperatures, and product lengths for all gene-specific primers used in this study are indicated in Table 1. RT-PCR was performed with 100 ng of RNA, with a commercial RT-PCR system used according to the manufacturer's protocol (OneStep; Invitrogen). Products were separated by gel electrophoresis on 1.5% agarose gels and visualized by ethidium bromide staining and sequenced to ensure specificity. Product formation for indicated genes was linear over 20 to 30 PCR cycles.
Quantitative Competitive RT-PCR
For PCR, mimic cDNAs ( Fig. 1) -identical in sequence with the MTIIa and MTIg cDNA sequences, with the exception of a 138-bp internal deletion (base pairs ϩ18 to ϩ155 from the start of translation) for the MTIIa mimic cDNA and a 118-bp internal deletion (base pairs ϩ18 to ϩ135 from the start of translation) for the MTIg mimic cDNA-were synthesized and used to compete with endogenous MT cDNAs. Indicated transcripts were reverse transcribed and amplified in the presence or absence of the mimic cDNAs, as recommended by the manufacturer (One Step; Invitrogen), and the same primers and conditions described for semiquantitative RT-PCR. The MT mimic cDNAs contain the same primer binding sites and sequences as do the endogenous MT mRNAs except for the indicated deletions. The amount of MTIIa or MTIg mimic cDNA needed to compete equally with a fixed amount of total RNA is proportional to the amount of transcript present. Increasing amounts (0.1-500 pg) of mimic DNA template competed with a constant amount of RNA (300 ng) in the presence or absence of 1.0 Ci of ␣ 32 P-CTP (250 Ci/mmol; Amersham Biosciences, Piscataway, NJ). MTIIa products were excised from the gel and incorporated radioactivity monitored by scintillation counting. The resultant counts were corrected for background and the number of cytosine residues present in each PCR product. The amount of MTIIa transcript per nanogram total RNA was determined by calculating the amount of mimic DNA (in counts per minute; cpm) required to compete equally with the endogenous transcript present in 300 ng total RNA.
Metal Analysis of Human Lenses
Forty-five clear, decapsulated human lenses ranging from 21 to 72 years of age were dried in a 60°C incubator overnight. Dry weights for individual lenses were determined. Triplicate groups of five-young lenses, average age 25.8, 34.2, and 38.4 years; middle-aged lenses, average age 51.6, 53.0, and 54.8 years; and old lenses, average age 69.2, 70.6, and 71.8 years-were predigested overnight in 5 mL concentrated HNO 3 , after which 3 mL of 30% H 2 O 2 was added. Digests were heated to 120°C. 47 After they were cooled, samples were brought to a final volume of 50 mL with deionized water and then filtered (0.2 m). Samples were assayed for elemental metal concentrations by inductively coupled plasma emission spectroscopy (ICP) by the Analytical Laboratory at the National Research Center for Coal and Energy at West Virginia University. Elemental concentrations for each sample were corrected for differences in dry weights. Differences between age group means were explored by analysis of variance and the TukeyKramer honest significant difference (HSD) procedure (JMP; SAS Institute, Cary, NC). were evaluated as inducers in these experiments, because these are the metals that have been used in most studies on MT and ␣-crystallin/sHSP induction in nonlens systems. 9, 24 MTIIa was chosen, because this MT isoform exhibits increased expression in age-related cataract compared with clear human lenses, 16 and MTIg was chosen as a representative class I MT.
RESULTS
Quantification of MTIIa Levels Compared with
In preliminary studies, maximum MT induction occurred after 8-hour treatments with 2.8 M Cd 2ϩ , 100 M Cu 2ϩ , and 100 M Zn 2ϩ (data not shown). Trypan blue exclusion detected no more than 10% cell death under these conditions (Fig. 2) . Longer exposure times or higher metal concentrations resulted in decreased cell viability and consequent loss of gene expression (data not shown).
One to 2 pg MTIIa mimic DNA equally competed with the amount of MTIIa transcript present in 300 ng of untreated (Fig. 3) . The level of MTIIa transcript present in untreated control cells is therefore between 0.003 and 0.006 pg/ng total RNA. By comparison, the amount of mimic DNA required to compete equally with the amount of MTIIa transcript present in 300 ng of RNA from Cd 2ϩ -treated cells was 10 to 20 pg (Fig. 3) . The level of induced MTIIa transcript in Cd 2ϩ -treated cells is therefore between 0.033 and 0.067 pg./ng total RNA. The amount of mimic DNA required to compete equally with the amount of MTIIa transcript present in 300 ng of RNA from Zn 2ϩ -treated cells was between 2 and 4 pg (Fig.  3) . The level of induced MTIIa transcript in Zn 2ϩ -treated cells is therefore between 0.007 and 0.013 pg/ng total RNA. Treatment with Cu 2ϩ showed little or no difference in the levels of MTIIa transcript (0.003-0.006 pg/ng total RNA) when compared with untreated control cells (0.003-0.006 pg MTIIa per ng total RNA; Fig. 3 ). These data demonstrate that MTIIa is induced in HLE cells by Cd 2ϩ (10 -20-fold) , and Zn 2ϩ (2-4-fold), whereas Cu 2ϩ treatment did not induce the MTIIa transcript.
In contrast to MTIIa, 0.1 pg MTIg mimic DNA competed equally with the amount of MTIg transcript present in 300 ng of untreated control RNA. The level of MTIg transcript present in untreated control cells was therefore 0.0003 pg/ng total RNA. The amount of mimic DNA required to compete equally with the amount of MTIg transcript present in 300 ng of RNA from Cd 2ϩ -treated cells was approximately 1 pg (Fig. 4) . The level of MTIg transcript in Cd 2ϩ -treated cells was therefore approximately 0.003 pg/ng total RNA. The amount of mimic DNA required to compete equally with the amount of MTIg transcript present in 300 ng of RNA from Zn 2ϩ -treated cells was between 0.1 and 0.5 pg (Fig. 4) . The level of MTIg transcript in Zn 2ϩ -treated cells was therefore between 0.0004 and 0.0018 pg/ng total RNA. Consistent with the previous experiments, treatment with Cu 2ϩ showed little or no difference in the levels of MTIg transcript (0.0003 pg/ng total RNA) when compared with untreated control cells (0.0003 pg MTIg per ng total RNA; Fig. 4) .
Collectively, these data demonstrate that although the patterns of induction of MTIIa and MTIg in response to metals are similar, MTIIa is induced at five times higher levels than MTIg in response to these metals in HLE cells. These genes exhibit specific inductions for different metals, in that Cd 2ϩ and Zn 2ϩ activated them but Cu 2ϩ did not. 
Induction of MTIIa in Primary HLE Cells
To provide confidence that inductions detected for MTIIa are not restricted to the transformed SRA01/04 cells, the induction levels of MTIIa were also examined under identical conditions in untransformed primary HLE cells by semiquantitative RT-PCR (Fig. 5) . In these cells, MTIIa was induced to high levels by Cd 2ϩ and low levels by Zn 2ϩ when compared with untreated control cells (Fig. 5) . Although slight induction was detected with Cu 2ϩ treatment (Fig. 5 ), these data demonstrate that similar induction patterns for MTIIa occur in untransformed primary HLE cells and are likely to be paralleled in vivo.
Identification of the Spectrum of Metallothionein and Small Heat-Shock Genes Induced by Cd 2؉ , Cu
2؉
, and Zn
2؉ in HLE Cells
The spectrum and metal specificity for five of the previously identified lens MT isoforms 15 and three lens ␣-crystallin/sHSPs induced by Cd 2ϩ , Cu 2ϩ , and Zn 2ϩ in SRA01/04 HLE cells were evaluated by semiquantitative RT-PCR. As in the previous studies (Figs. 3, 4) , MTs IIa and Ig were induced by Cd 2ϩ and Zn 2ϩ , but not by Cu 2ϩ (Fig. 6 ). MTs Ie, If, and Ih were also induced by Cd 2ϩ and Zn 2ϩ , but not by Cu 2ϩ (Fig. 6) . ␣B-crystallin and HSP27 were induced by Cd 2ϩ and Cu 2ϩ , but not by Zn 2ϩ , and ␣A-crystallin was induced only by Cu 2ϩ (Fig. 6 ).
Analysis of 13 Different Metals in Decapsulated Human Lenses
To establish whether metal levels change in the aging human lens, the levels of 13 different metals were evaluated by ICP. Elemental profiles in aging lenses are presented in Table 2 . Sodium and potassium concentrations were highest, followed by magnesium and calcium. Of the other metals, zinc was found in the highest concentration, followed by iron and copper. Levels of aluminum, manganese, nickel, cadmium, chromium, and lead were below the levels of detection (Table 2) . Of the elements analyzed, only iron exhibited an age-dependent pattern. Iron concentration was highest in young lenses, exhibited increasing variability in middle-aged lenses, and decreased by 81% in the old lenses.
DISCUSSION
In the present study, five MTs shown to be expressed in the human lens, 15 including isoforms Ie, If, Ig, Ih, and IIa, and three lens ␣-crystallin/sHSPs, including ␣A-crystallin, ␣B-crystallin, and HSP27, were differentially induced by specific metals in HLE cells. These inductions are likely to be present in vivo, because similar inductions of MTIIa were observed in primary cultures of HLE cells. To our knowledge, this is the first demonstration of ␣A-crystallin induction by metals or other stresses and provides evidence that ␣A-crystallin could be a stressresponsive gene that protects lens cells against metal-associated damage.
Activation of these genes is metal specific in HLE cells, in that Cd 2ϩ and Zn 2ϩ , but not Cu 2ϩ , induced the MT genes (Ie, If, Ig, Ih, and IIa), whereas Cd 2ϩ and Cu 2ϩ , but not Zn 2ϩ , induced two of the three ␣-crystallin/sHSP genes (␣B-crystallin and HSP27). ␣A-crystallin induction was observed only with exposure to Cu 2ϩ . The differential induction of these genes by treatment, in conditions identical with those described in Figure 3 . Indicated are the metal concentrations, the 217-bp MTIg cDNA, and the 99-bp MTIg mimic PCR products. MTIIa was induced at five times higher levels than MTIg, indicating that MTIIa is the primary MT responding to metals in lens cells. This is consistent with its reported increased expression in age-related cataract compared with clear lenses 16 and its lens epithelium specificity. 15 The present data address the induction of these genes at concentrations of metals that resulted in no more than 10% cell death over a relatively short incubation time. We could not examine higher levels of these metals or longer exposure times, because significant cell lethality and consequent loss of gene expression were observed with higher metal concentrations or with longer exposure times (data not shown).
Differential induction of these genes by specific metals suggests that the lens may use metal-specific transcriptional mechanisms to regulate specific genes. These responses are probably mediated by previously identified metal-responsive transcription factors. One of these, which is known to regulate the expression of mouse MTs I and II in nonlens cells by binding to metal responsive regulatory elements (MREs) in the promoters of these genes, is the MRE-binding transcription factor (MTF)-1. 48 MTF-1 has been shown to activate the expression of MTs I and II through specific heavy metals including Cd 2ϩ and Cu 2ϩ . 49 MTF-1-null mice lose their ability to express MTs I and II. 49 Like the MTs, the promoters for the ␣-crystallin/ sHSPs, including ␣〉-crystallin and HSP27, are known to contain binding sites for multiple stress-related transcription factors, including a near-perfect MRE that is located in the promoter of the rat ␣B-crystallin gene. 24 They also contain other stress-associated regulatory elements, including heat shock responsive elements (HSEs) and AP1-like consensus sequences. 50 -52 Several studies have suggested that numerous metals are associated with cataract, 4 -8 and increased Cd 2ϩ levels have been demonstrated in cataractous versus clear human lenses. 4 Although intact cataractous lenses are not readily available and no conclusions regarding the presence of metals in human cataracts can be drawn from the present results, no differences were detected in the levels of 12 metals among young, middleaged, and old healthy lenses. In contrast to the data reported for human cataract, 4 cadmium was not even detectable in the clear lenses analyzed in the present report, suggesting that increased cadmium levels are specific to cataractous lenses. Possibly MT-metal complexes are secreted by the normal lens and retained by cataracts. An 81% decrease in iron levels was detected between young and middle-aged versus old human lenses. Although altered iron regulation is associated with cataract, 6 the significance of this result is open to speculation. We do not think that decreased iron results from sample contamination, because no differences were detected in the levels of 12 other metals examined, three separate groups of five lenses possessed similar iron levels, and contamination is very unlikely to be reflected in the decreased level of iron detected in a single group. Although the lens capsule was excluded from the lens metal contents reported, we are certain that our results would not be affected by inclusion of the lens capsule, because its weight is insignificant compared with that of the remainder of the lens. Relative to the sensitivity of presently available techniques, the extremely large number of human lens epithelia and capsules that would be required to assay the metal content of this tissue (approximately 0.3 g) makes this examination unfeasible. Inclusion of water weight could also affect our measurements. Future studies are needed to determine the exact function of induced MTs and ␣-crystallin/sHSPs in HLE cells. It is likely that MTs are capable of protecting these cells against damage induced by toxic metals and possibly other insults associated with cataract, because metallothioneins have been shown to protect numerous tissues, including retinal pigment epithelial cells, 23 against toxic metals, oxidative stress, and insults by UV light. MTs are likely to protect lens cells through direct metal binding and scavenging of free radicals, as they have been demonstrated to do in nonlens systems. Indeed, it is estimated that MTs are 50 times more efficient as free radical scavengers than is reduced glutathione, on a molar basis. 53 The present data also provide evidence that ␣-crystallin/sHSPs may have a role in lens metal protection. ␣-Crystallin/sHSPs protect against protein aggregation, and it is possible that they are induced in response to metals to prevent protein aggregation or other damage resulting from exposure to metal. Regardless of their exact functions, the inductions of these genes in human lens cells indicate that they are likely to play significant roles in lens metal regulation and/or protection. Future studies will examine their ability to provide direct protection to lens cells against metals and other cataract-associated insults.
